Onion-like carbons (OLC) obtained by thermal transformation of nanodiamonds are agglomerates of multi-shell fullerenes, often covered by an external graphitic mantle. For the present work, elemental OLC units were constructed on the computer by coalescence of several two-layer fullerenes, in a structure similar to carbon peapods with a corrugated external wall. The electrical polarizability of such pod-of-peas fullerenes has been computed by a classical monopole-dipole atomistic theory. The description of pod-of-peas fullerenes was further simplified by representing them as linear arrays of point-like objects, whose polarizability matches that of the starting molecules. Calculations demonstrated that the static polarizability of spherically shaped assemblies of these arrays, modeling real OLC materials, is weakly dependent on the geometry of its constituent molecules and is chiefly proportional to the volume of the whole cluster. It increases with increasing filling fraction of the pod-of-peas fullerenes in the OLC aggregate. The polarizability so obtained can be used in Maxwell-Garnett theory to predict the permittivity of OLC-based composites, at least for static excitations. Experimental results obtained at GHz frequencies reveal a weak attenuation for OLC-and nanodiamond-based polydimethylsiloxane composites. In these silicone composites, we did not find long chains of coupled OLCs. Quite separated clusters were found instead, which contribute little to the polarizability and to the dielectric properties, in good agreement with our theoretical predictions.
Introduction
Soon after the discovery of fullerenes by Kroto in 1985 [1] , the so-called carbon onions were observed by Ugarte in 1992 by high-resolution TEM [2] .
Since then, these multilayered spherical carbon nanostructures have been extensively studied [3] [4] [5] [6] [7] [8] to understand the underlying physics and to explore their potentiality for a wide variety of technological applications, including lubricants [9, 10] , fuel cells [11, 12] , optical limiting properties [13] , etc [14] .
A promising method for the large-scale production of multilayered caged carbon nanostructures, the so-called onionlike carbons (OLC), is by annealing nanodiamonds in an inert atmosphere or under vacuum conditions [15] . OLC shells can be rounded or elongated. Study of x-ray emission spectra of OLC combined with quantum-chemical simulation for the characterization of their electronic structure led to the conclusion that the onions produced by nanodiamond annealing at the intermediate temperature (1400-1900 K) have holes in their internal shells [16] . The origin of such defects accompanying OLC formation can be explained in terms of a deficit of diamond carbon atoms at the diamond/graphite interface, leading to non-perfect fullerene-like shells upon annealing. The radicals (unpaired electrons) in the inner cores of OLC are well preserved by outer defect-free shells and can interact with an external electromagnetic field.
Recently, OLC structures have been proposed as candidates for electromagnetic (EM) shielding [17, 18] . The reason is supported by their unique physico-chemical properties, such as lightness, their rare structure allowing for hierarchical assembly, high concentration of localized electrons and defects, tunable quasimetal conductivity and, as a result, their presumed ability to absorb wideband EM radiations. It was hypothesized [17, 18] that nanocarbon with an onion structure produced by thermal transformation of nanodiamonds might be a basic absorbing component of nanocomposite materials providing ultra-wideband EM absorbing coatings. Subsequently, the absorbing properties of OLC powder and OLCs embedded in a polymer matrix have been investigated in a wide range of frequencies in the microwave, terahertz and infrared domains [18] [19] [20] [21] .
The main objective of this paper is to provide a theoretical background to the property of electromagnetic shielding that the OLCs may have.
As a motivation for the theoretical calculations presented hereafter, new experimental measurements of the attenuation and reflection coefficients of OLC-based composites at GHz frequencies are presented in section 2.
As an important step for understanding the physical nature of OLC-based composites as electromagnetic absorbing materials, we have analyzed experimentally the EM response of their precursor materialsdetonation nanodiamonds (DND)-incorporated in the same polymer matrix in similar concentrations.
In general, the OLCs produced by annealing of DND are composed of several onions after the structural transformation of as many agglomerated nanodiamonds, all covered by a continuous graphitic mantle composed of a few atomic layers, like peas in a pod. Pod-of-peas fullerenes were constructed on the computer as exploratory models for the actual OLC structures; they are described in section 3. An empirical interatomic potential was used to optimize their geometrical shape [22] . The polarizability tensor of the optimized pod-ofpeas fullerenes was computed with a Gaussian renormalized monopole-dipole interaction model [23, 24] .
Depending on the OLC synthesis and preparation conditions, agglomerates of the multi-onions structures are formed, leading to very large clusters extending in all directions. As explained in section 4, these clusters were modeled by randomly arranging pod-of-peas fullerenes with the same radius but different lengths. Whether the OLC units percolate or not can be controlled by changing the density of the pod-of-peas molecules in the aggregate. The experimental OLC clusters are large and they contain a lot of atoms. For evident practical limitations imposed by the memory size of the computer, all the pod-of-peas fullerene molecules in a cluster cannot be described atomistically. They were represented by equivalent polarizable lines instead, whose parameters were calibrated to retrieve the general polarizability law found for the individual, atomistic molecules.
Experimental measurements
The first results of the microwave characterization of OLC powders and OLC-polymethyl methacrylate (PMMA) films in the so-called S, X and Ka radar bands demonstrated high attenuation of these samples over a wide frequency range [18] . At the same time, the effect reported in [18] of a resonancelike behavior of the EM attenuation of OLC-based composites in the Ka band was not confirmed [19] . However, both experimental series [18, 19] agree reasonably well with the order of magnitude of the attenuation: the average values of the attenuation factor for OLC-PMMA films lie around 20 dB.
Here we present new results for the attenuation and reflection coefficients of OLC-poly(dimethylsiloxane) (PDMS) samples in the Ka band (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . The motivation is to explore whether (PDMS) silicone is the right candidate for the making of OLC-based composites with small OLC concentration (0.5-2 wt%). Another reason is to find whether the EM response of a given composite depends significantly on the inclusion of OLC and nanodiamonds, even in small percentages.
The precursor nanodiamonds were synthesized in high pressure and high temperature conditions within a shock wave during detonation of carbon-containing explosives with a negative oxygen balance. The average size of DND particles is 4-5 nm. The particles were extracted from the detonation soot by oxidative removal of non-diamond carbons with a hot mixture of concentrated H 2 SO 4 and HClO 4 acids [15] or using an ozone treatment [25] . Following the procedure described in [15] , OLC materials were produced by annealing of DND powder in vacuum at high temperature [17] . The so-called Dice sample was obtained by heating DND at 2000 K for 20 min and the DH sample, by heating in vacuum (5 × 10 −4 -1 × 10 −4 Torr) at 1800 K. The measurements of the size distribution of OLCs were done in a special solvent (1-methyl-2-pyrrolidinone) with photon correlation spectroscopy, following reference [18] . Owing to clustering, a twopeak structure was found for the size distribution of OLCs, with the first maximum around 30 nm and the second between 100 and 200 nm.
The complex-valued elements of the scattering matrix, S 11 and S 21 , have been measured with high accuracy. The experimental set-up includes a high stable sweep generator, highly sensitive detectors, measurement bridges and indicator unit. Scalar as well as vector network analyzers were used for measurement of insertion loss, amplification, voltage standing wave ratio (VSWR) and return loss. The waveguide method of microwave characterization was used. The software developed in the Belarusian State University of Informatics and Radioelectronics provides high-quality device calibration. Plots of |S 11 | are shown in figure 1 for both DND-and OLC-PDMS composites. All the samples were soft plates with irregular thicknesses in the range 2.5-3 mm. The relative values of the attenuation coefficient of the samples are presented in figure 2 , where the calibration was made on pure PDMS.
One can conclude from figures 1(a) and (b) that the frequency dependence of S 11 varies significantly from sample to sample.
The reflectivity coefficient for OLC-based composites at the upper end of the Ka band is 5-7 times higher than for DND-PDMS. The content of nanocarbon inclusions has an essential effect on S 11 for DND-PDMS in the highfrequency range (35-37 GHz), but at the same time does The attenuation coefficient of both DND-based and OLCbased PDMS composites oscillates rapidly with frequency in the range 26-38 GHz, as shown in figures 2(a) and (b). At the same time, the attenuation of the PDMS samples remains small when compared to, for example, PMMA films containing OLCs [18, 19] . The most probable reason is the fact that relatively large chains of OLCs were observed in PMMA matrices, with strong interconnection at larger loading. In contrast to it, we saw separate clusters within PDMS, which can influence the conductivity and, as a result, affect the attenuation behavior. The latter is one of the possible influences of choosing the particular host medium.
Fullerene-based molecules
Regular fullerenes exist with two different geometries, depending on the orientation of the graphene sheet on the faces of the polyhedron. The icosahedral fullerenes contain 60k 2 atoms and the triacontahedral fullerenes contain 20k 2 atoms, with k a non-zero positive integer. In 1992, Ugarte [2] demonstrated the possibility to transform faceted carbon onions produced by electric arc deposition into remarkable spherical onions by means of intense electron irradiation [26] . Some authors have introduced defects in icosahedral fullerenes in order to obtain spherical shapes or other shapes, like the Terrones brothers [27] who replaced the tops of icosahedra by a piece of Stone-Wales defective structure, and Wang et al [28] who used molecular mechanics calculations to introduce Stone-Wales defects. A Stone-Wales defect is obtained by a 90
• rotation of a C-C bond that transforms four hexagons into two pentagons and two heptagons. Inspired by this previous research, we looked for the most suitable sites to round our fullerenes by performing Stone-Wales bond rotations. Part of these rounded molecules can be assembled to construct more complex structures, namely pod-of-peas fullerenes, some representations of which can be seen in figure 3 . Each new molecule so constructed is geometrically optimized with the REBO 2 potential [22] . The main geometrical parameters of these molecules are summarized in table 1.
The contribution of internal layers to the polarizability of multi-shell onions and pod-of-peas fullerenes is very small due to a strong screening brought about by the external shells [29] . As the internal layers do not play an important role in the total molecular polarizability, it is sufficient to consider one or two graphitic layers only, as shown in figure 3(c) . The name of these molecules is n-ppC x , where n is the number of fullerenes inside ('peas'), 'pp' means 'pod-of-peas' and C x is the part of the fullerene used to construct the external layer ('pod').
The electrostatic response of a carbon fullerene can be computed quite accurately with a monopole-dipole model [23] . In this classical model, the atom i in a cluster composed of N atoms receives a charge q i and a dipole p i . The interacting charges and dipoles are considered as 4N variables whose values must minimize the total electrostatic energy of the system in the presence of an external electric field, with the constraint of preserving the charge neutrality of the molecule. The interactions between the charges and dipoles are determined by assuming Gaussian distributions of the atomic monopolar and dipolar densities, with spatial extensions R q and R p , respectively. These are two parameters of the model that were adjusted to best fit experimental and theoretical polarizability data on fullerenes and carbon nanotubes. In the present work, we used R p = 0.435 and R q = 0.603Å. The static polarizability of pod-of-peas fullerenes has been computed extensively with this monopole-dipole model [24] to derive general laws versus length and radius (defined in figure 3 ). The polarizability tensor of these molecules is diagonal due to their symmetry. It has two different components, one axial and two transverse ones. The same monopole-dipole model applied to carbon nanotubes gives an axial polarizability that follows the L 3 law obtained for a continuous metallic cylinder, where L is the length of the tube [24] . Figure 4 shows that the axial polarizability is the main component and is also found to vary linearly with the cube of the length of the pod-of-peas fullerene. The smaller transverse component varies linearly with the length. Both polarizability components depend on the square of the radius of the molecules (see figure 5 ).
Clusters
The main limitation of polarizability calculations is the size of the matrix describing the monopole-dipole interactions. We have developed a new approach to deal with large clusters of pod-of-peas fullerenes. Each molecule is represented by a set of aligned point-like objects, where each point is assigned to a spherical part of the molecule. We have assigned to each of these points the isotropic polarizability of the corresponding 2-layer carbon onion, computed with the full atomistic model. As an array of points does not permit free charge delocalization along the transverse direction, the transverse polarization of the point array comes only from dipolar excitations of the point-like objects. Axial charge delocalization is possible, in contrast. It correctly reproduces the polarizability obtained with the full atomistic calculation thanks to a suitable adjustment of the Gaussian parameter R q of the monopole components installed on the points (see figure 4) .
Each pod-of-peas molecule is characterized by its radius (defined as the mean radius of the fullerenes used to construct the external layer), which conditions the value of its transverse polarizability. In order to reproduce the correct dependence of the transverse polarizability of molecules on their length, the Gaussian parameter R p for the dipole component of the point-like objects was also adjusted. Table 2 lists the values of parameters of the point-array model. Figure 6 demonstrates the good agreement between the atomistic and point-array models after the parameter adjustment.
The aim of this simplified model is to allow us to treat large clusters in which the mutual electrostatic interactions are especially important. We have compared the results given by the point-array model with those computed with the Table 2 . Modified parameters used in the monopole-dipole interaction model applied to point molecules in order to retrieve the static polarizability of whole pod-of-peas fullerenes.
Pod-of-peas atomistic structures for some simple arrangements of the podof-peas molecules. The configurations we have considered (see figure 7 ) allowed us to perform test calculations for three important molecular interactions: axial-axial (aligned and parallel), axial-transverse ('T') and transverse-transverse interactions (aligned and parallel). The configuration with aligned molecules gives small relative errors on both polarizability components. The parallel configuration gives larger errors on the transverse interaction (α xx ). Indeed, the transverse polarizability of the point molecule is represented by a dipolar excitation only, whereas the transverse response is also due to the delocalization of charges in the full atomistic calculations. This dipolar approximation leads to the most severe error, because it increases with the number of interacting molecules. Nevertheless, the absolute value of the transverse polarizability is generally found to be weak compared to the axial one. So the absolute error is not strongly affected. One can observe the same tendency for the axial-transverse interaction in the 'T' configuration. The largest error made on a given component of the polarizability tensor is about 15% but the other two components are always computed with an error less than 5%.
We used this simplified model for computing the polarizability of clusters containing a lot of pod-of-peas molecules with different lengths and radii. Due to geometrical constraints, each cluster contained molecules with all the same diameter and thus the same period. This model is able to predict the trends of the polarizability as a function of the size of the cluster, the filling fraction of the molecules and their geometry (length distribution and radius). Spherical clusters were constructed with a given volume fraction of pod-of-peas fullerenes represented by linear arrays of points. The point-like objects were randomly distributed on the nodes of a regular three-dimensional grid within the sphere. A process allowed us to separate randomly distributed point-like objects among the randomly generated points in the sphere. In so doing, each pod-of-peas molecule is inevitably oriented in the x, y or z direction, with no possible intermediate orientation.
The configurational average polarizability tensor was computed for 1000 random configurations for each cluster size, filling fraction and radius of the pod-of-peas fullerenes (ppC 240 , ppC 320 , etc). The main result found is a linear dependence of the polarizability versus the volume of the cluster, taken as a full sphere containing vacuum between the point-like molecules. For a given filling fraction, the different lines in figure 8 correspond to the different types of pod-ofpeas fullerenes listed in table 2. Very much like in figure 4(a) , the shortest lines are for ppC 240 (the smallest pod-of-peas), while the longest ones correspond to ppC 1280 (the largest pod-of-peas). The curves of figure 8 are close together and depend weakly on the radius of the simulated molecules. In other words, using ppC 240 , ppC 320 . . . ppC 1280 does not matter too much as long as the filling fraction remains the same. As expected, the response increases with the filling fraction of the pod-of-peas fullerenes.
Conclusion
The present study has demonstrated that the static polarizability of spherically shaped agglomerates of pod-of-peas fullerenes, modeling real OLC materials, is weakly dependent on the geometry of its constituent molecules and is chiefly proportional to the volume of the whole cluster. It increases with increasing the filling fraction of the pod-of-peas fullerenes in the cluster. The polarizability obtained with the point-array model that was developed to deal with large OLC agglomerates can be used in Maxwell-Garnett theory to predict the permittivity of the OLC-based composite. Experimental results obtained at GHz frequencies reveal a weak attenuation for OLC-and nanodiamond-based polydimethylsiloxane composites, where we did not see relatively long chains of interconnected OLCs which would have led to high electrical conductivity. Separated clusters, instead, give a small contribution to the polarizability and to the dielectric properties, respectively, which is in good agreement with our theoretical predictions. The understanding of the high-frequency response given by experiment needs to treat the polarizability of OLC clusters with a dynamical model, which is currently under development.
